The effects of acute nutritional change on endocrine and ovarian characteristics were studied in cyclic (intact; n = 20) and long-term ovariectomized (ovx; n = 18) heifers being fed 1.2 × maintenance (1.2M). On d 7 of an 8-d progesterone and estradiol treatment, intact and ovx heifers were randomly allocated to diets providing .4, 1.2, or 2.0M until emergence of the second follicular wave after ovulation in intact heifers. In intact heifers, two of eight fed .4M failed to ovulate. In the other six, growth rate and maximum diameter (1.1 ± .09 mm/d and 10.1 ± .7 mm, respectively) of the first dominant follicle (DF) postovulation were less (P < .05) than in heifers fed either 1.2 (1.6 ± .18 mm/d; 12.9 ± .44 mm) or 2.0M (1.6 ± .08 mm/d; 12.7 ± .7 mm). In intact heifers, LH pulse frequency and amplitude were not affected by diet (P > .10). In ovx heifers, the frequency of LH pulses was unaffected by diet (P > .10), but heifers fed .4M had a greater pulse amplitude (P < .05) and mean concentration of LH (P < .001) than those fed 1.2 or 2.0M. Plasma concentrations of FSH were greater (P < .05) in ovx heifers fed .4M than in those fed 1.2 or 2.0M and increased linearly with time (P <
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.01). The FSH concentrations in heifers fed 1.2 and 2.0M were similar (P > .10) and decreased linearly with time (P < .001). In intact heifers, concentrations of FSH preceding follicle wave emergence were greater in heifers fed .4M (P < .001), but basal concentrations were not affected (P > .10). Concentrations of progesterone and estradiol were unaffected by diet (P > .10). Significant diet × ovarian status interactions in plasma IGF-I concentrations existed. Plasma concentrations of insulin increased as the level of nutrition increased, whereas concentrations of NEFA decreased. In conclusion, growth rate and maximum diameter of the DF were decreased by acute nutritional restriction, without affecting the concentration of LH. The magnitude of the FSH increase preceding new follicle wave emergence increased following dietary restriction, but concentrations of FSH were unaffected during the other stages of DF growth. The results of this study may have important implications for the feeding strategies adapted for high-yielding dairy cows in the early postpartum period when feed intake is often physiologically restricted.
fully understood. In long-term studies with chronically nutrient-restricted heifers (Stagg et al., 1995; Rhodes et al., 1995; Bossis et al., 1999) , LH concentrations were not affected, even though the heifers lost 17 to 18% of their BW and the maximum diameter of their dominant follicles was significantly decreased (Rhodes et al., 1995) . The LH was decreased only in the last estrous cycle before the onset of anestrus (Bossis et al., 1999) .
The effects of acute nutritional restriction in cattle are not known. Nonhuman primates (Cameron, 1994) , prepubertal gilts (Foxcroft and Cosgrove, 1994) and milk-fed, ovariectomized, prepubertal ewe lamb (Foster and Olster, 1985; Foster et al., 1989 ) all seem to be sensitive to short-term feed restriction, and nutritional effects in all of these animals affect LH concentrations. However, cattle seem to be either slow to respond to nutritional deprivation, or, alternatively, the degree of feed restriction used in Rhodes et al. (1995) and Bossis et al. (1999) was not severe enough to induce an earlier effect. During their productive life, cattle can experience an acute change from an oversupply to an undersupply of nutrients, such as after the onset of lactation. Thus, the effects of acute changes in nutrient supply on reproductive function should be elucidated. Our primary aim for this study was to determine the effects of a short-term acute nutritional increase or decrease on ovarian follicular dynamics and on LH, FSH, and steroid concentrations. The effects of nutrition on LH and FSH concentrations can be influenced by the presence or absence of the ovaries or ovarian products (Foster and Olster, 1985) . A further aim was to determine the effects of short-term changes in nutrient supply on LH and FSH concentrations in intact and ovariectomized heifers.
Materials and Methods

Animals.
The study was conducted in three replicates using 20 intact and 18 long-term ovariectomized (ovx) beef heifers. Ovariectomies were carried out 3 mo prior to the start of the study during midventral laparotomy, performed under licence in accordance with EU directive 86-609-EC. Before commencement of dietary treatments, all heifers were fed a common diet of grass silage and concentrates (1:1 on a dry matter basis) supplying the equivalent to 1.2 times maintenance (1.2M); the dry matter intake for maintenance was calculated as live weight × .011. At the end of the adjustment period preceding diet allocation, heifers were weighed before feeding on two consecutive mornings and their average live weight was calculated. The mean live weights (mean ± SEM) of intact and ovx heifers were 440.9 ± 6.9 and 445.8 ± 11.6 kg, respectively. Body condition scores (BCS), as defined by Lowman et al. (1976) , were 3.2 ± .07 and 3.3 ± .15, respectively (scale 1 to 5; 1 = least, 5 = greatest). The experimental design used is summarized in Figure 1 .
Estrus Synchronization. The estrous cycles of the intact heifers were synchronized by insertion of an intravaginal controlled internal drug releasing (CIDR) device containing 1.9 g progesterone and a 10-mg estradiol benzoate capsule (EAZI-breed CIDR-B; InterAg Ltd, Hamilton, New Zealand) for 8 d. One day before CIDR withdrawal, intact heifers were given 500 g of synthetic PGF 2α (PG; Estrumate, Coopers Animal Health Ltd, Berkhamsted, U.K.) to cause luteolysis. The ovx heifers were given the same preexperimental synchronization treatment as that given to the intact heifers, but without the PG injection.
Ovarian Ultrasonography. Ovarian scanning was performed daily, per rectum, in all intact heifers using an Aloka SSD-500V ultrasound instrument fitted with a 7.5-MHz transducer (Aloka Co. Ltd, Tokyo, Japan). Fol- Figure 1 . Diagrammatic representation of the estrus synchronization and dietary treatments performed with the intact heifers during the experiment and their relation to ovulation and follicular growth. The ovariectomized (ovx) heifers underwent the same "synchronization" treatment, without PGF 2α injection (PG), and had dietary treatments and blood sampling conducted at similar times after treatment as the intact heifers. Blood samples were collected from intact heifers at 10-min intervals for 10 h at emergence, selection, and dominance phases of the first follicular wave, and ovx heifers were blood-sampled simultaneously.
licles of ≥ 3 mm diameter were measured and recorded daily from the time of CIDR insertion until emergence of the second follicle wave after the synchronized ovulation (defined by the appearance of follicles ≥ 4 mm in size). The number of emerging follicles was defined as the number of follicles ≥ 3 mm present on both ovaries on the day of emergence. Because the heifers were tied in individual stalls, it was not possible to identify the day of standing estrus, but the day of ovulation was defined as the day on which a large dominant follicle (DF), present on either ovary the previous day, had disappeared. Follicle diameter was obtained by averaging the height and width of the follicle as observed ultrasonographically. Follicle volume calculation was based on the assumption that the follicle was spherical. The growth rate (mm/d) of the first DF after ovulation was defined as the mean daily increase in follicle diameter between first appearance as a 4-mm follicle and the day of maximum diameter. All heifers were weighed before feeding on two consecutive mornings and scored for body condition at the end of the experiment.
Diets. Intact and ovx heifers were randomly allocated to one of three diets on the day before CIDR removal to allow the rumen approximately 5 d to adjust to the change in nutritional supply prior to emergence of the first postovulation follicle wave. The diets were arranged to provide a restricted, control, or elevated level of energy supply equivalent to .4M (n = 8, n = 6), 1.2M (n = 7, n = 6), or 2.0M (n = 5, n = 6), respectively (numbers in parentheses define the number of intact and ovx heifers, respectively, allocated to each diet).
Blood Sampling. Blood samples were taken twice daily from all heifers from the day of CIDR insertion until the emergence of the second postovulation follicle wave in the intact heifers. Samples were placed in an iced water bath until centrifugation at 1,000 × g at 4°C for 15 min. Decanted plasma was stored at −20°C until it was assayed for FSH, estradiol, progesterone, IGF-I, and insulin. All samples were assayed for FSH. Twicedaily plasma samples taken from intact heifers from −5 to +10 d around ovulation were assayed for estradiol. Twice-daily samples taken from intact heifers every 2nd d from the start of the trial were assayed for progesterone. Twice-daily samples from the intervening day in the intact and ovx heifers were assayed for insulin and IGF-I. Heifers were also blood-sampled twice daily on 3 d/wk for recovery of serum. After blood collection, tubes were placed in a water bath at 37°C for 1 h before centrifugation at 1,000 × g at 4°C for 15 min. Serum was stored at −20°C until assayed for NEFA.
All intact heifers had a jugular cannula inserted under sedation (Rompun; Bayer, Bury St Edmunds, Suffolk, U.K.) on the day of emergence of the first follicle wave, as identified by the appearance of follicles ≥ 4 mm, and blood samples were collected every 10 min for 10 h (emergence phase). The cannula was left in place, and heifers were blood-sampled as just described on the day of DF selection (as defined by a difference of ≥ 1.5 mm between the DF and the largest subordinate follicle; selection phase), and again 3 d later when the DF approached its maximum diameter (dominance phase). Blood sampling at emergence, selection, and dominance phases took place 6.2 ± .3, 8.7 ± .3, and 12.0 ± .3 d after diet allocation, respectively, and there was no difference between dietary treatments in the timing of these blood sampling phases (P > .10). When possible, within dietary treatment, an ovx heifer was blood-sampled simultaneously with an intact heifer. Blood sampling of ovx heifers was conducted 6.0 ± .2, 8.5 ± .3, and 11.7 ± .3 d after diet allocation. All blood samples were taken into EDTA-K 3 coated collection tubes, placed in iced water, and then centrifuged at 1,000 × g at 4°C for 15 min. Plasma was stored at −20°C until it was assayed for LH. Three samples per intact heifer from each bleeding period were also assayed for progesterone.
Hormone Assays. Blood samples were analyzed for LH, FSH, estradiol, progesterone, IGF-I, and insulin using the RIA listed in Table 1 . The NEFA were analyzed with a colorimetric procedure (also Table 1 ).
Pulse Analysis. The mean concentration of LH, the number of LH pulses per 10 h, LH pulse amplitude, and LH pulse duration were determined using PC-PUL-SAR, the J.F. Gitzen and V.D. Ramirez (University of Illinois, Urbana-Champaign) IBM-PC adaptation of the pulse analysis program developed by Merriam and Wachter (1982) . Due to the changing nature of LH profiles in intact heifers at different phases of the estrous cycle, different values of "G" (standard deviations above a smoothed mean used to specify pulses with one, two, three, four, or five points contributing to a pulse; G1 to G5, respectively) were used to avoid either under-or overestimating the number of LH pulses per 10-h period. All LH profiles in ovx heifers and those taken at the emergence phase of the first follicle wave in intact heifers were assessed using G-values of 1.3, 1.2, 1.1, 1.0, and 1.0 for G1 to G5, respectively. In intact heifers, LH profiles taken at the selection phase of the first follicle wave were assessed using G-values of 1.5, 1.3, 1.2, 1.1, and 1.0 for G1 to G5, respectively, and those at the dominance phase used G-values of 3.8, 2.6, 1.9, 1.5, and 1.2.
Statistical Analysis. When applicable, data were aligned to either day of diet allocation or to day of estrous cycle (d 0 was defined as the day of greatest estradiol concentration). Statistical analyses were then carried out on live weight, BCS, and follicle data and gonadotropin, steroid, and metabolite concentrations using the methods of SAS (1988), as described in Table 2.
Results
There was no interaction (P > .10) between ovarian status and diet for either live weight or BCS changes during the course of the experiment. Similarly, there was no effect of ovarian status on either live weight or BCS changes (P > .10). Heifers fed .4M lost more live weight than heifers fed 1.2M (−38.5 ± 2.2 vs −14.2 ± 3.5 kg, respectively; P < .001), and heifers fed 2.0M gained (P < .001) more weight (7.6 ± 2.5 kg) than heifers on either of the other two dietary treatments. There was no effect of diet on BCS change between the start and end of the experiment (P > .10).
After CIDR withdrawal, there was no effect of diet on the maximum diameter of the preovulatory DF. This DF ovulated in all except two of the eight heifers fed .4M (P > .10). In one of these heifers, the synchronized DF became atretic and regressed, as did the subsequent DF, and, in the second heifer, it persisted. Because of failure of ovulation, both heifers were subsequently removed from the experiment, and their blood samples were excluded from hormone analyses. In heifers that ovulated the synchronized DF, there was no effect of diet on day of ovulation (P > .10; Table 3a) . Similarly, the time of new follicle wave emergence and the number of follicles emerging in the first follicle wave postovulation did not differ between diets (Table 3b ). Diet affected the growth rate, maximum diameter, and estimated volume of the first DF (Table 3b ). The growth rate of the first DF was lower in heifers fed .4M (1.11 mm/d) than in heifers fed 1.2M (1.60 mm/d; P < .05) or at 2.0M (1.58 mm/d; P < .01), and both maximum diameter and follicular volume of DF were less in heifers fed .4M (10.1 mm and .60 cm 3 , respectively) than in heifers fed 1.2M (12.9 mm and 1.15 cm 3 , respectively; P < .01) or at 2.0M (12.7 mm and 1.11 cm 3 , respectively; P < .05). Heifers fed .4M tended to have fewer follicles emerging in the second follicular wave compared with the number of follicles emerging in heifers fed either 1.2 or 2.0M (data pooled, P = .10; Table 3c ). Data from intact and ovariectomized (ovx) heifers analyzed separately due to changing nature of intact heifer profiles with time, compared to uniform nature of ovx heifer profiles. The FSH profiles are not comparable in intact and ovx heifers, with wavelike and linear profiles, respectively. Therefore, they were analyzed separately. c Significant diet × status interactions in plasma IGF-I concentration, so data from intact and ovx heifers were analyzed separately (P < .05).
d Due to dietary differences in mean concentrations at d 0, data for each heifer were expressed as percentage change from that day.
The LH pulse characteristics (mean concentration of LH, pulse frequency, and pulse amplitude) of intact heifers varied from the emergence phase through to the dominance phase (Figure 2a) . The LH pulse characteristics of ovx heifers did not vary with days after CIDR Within a row, treatments with different superscripts are different (P < .05).
removal, corresponding to follicular wave phases in intact heifers (Figure 2b ). Therefore, LH data from intact and ovx heifers were analyzed separately. In intact heifers, there was no diet × phase interaction (P > .10) or any direct effect of diet (P > .10) on any LH characteristics. However, the LH pulse characteristics differed significantly between the emergence, selection, and dominance phases of the first follicular wave, which corresponded to d 2.7 ± .2, 5.2 ± .3, and 8.5 ± .4 of the estrous cycle (Table 4) . In ovx heifers, there was no diet × phase interaction (P > .10), but diet affected LH pulse characteristics (Table 5 ). Heifers fed .4M had a greater pulse amplitude (P < .05) and, hence, a greater mean LH concentration (P < .001) than those fed either 1.2 or 2.0M. The number of LH pulses per 10-h period was similar, regardless of whether heifers were fed .4, 1.2, or 2.0M (P > .10). In intact heifers, there was no diet × wave interaction (P > .10) in the plasma concentration of FSH preceding new follicle wave emergence. Therefore, FSH data from both the first and second follicular waves were pooled. There was, however, a significant diet × phase interaction (P < .05; Table 6) such that peak FSH concentrations during the preemergence FSH increase were greater in heifers fed .4M than in heifers fed either 1.2 or 2.0M (P < .001), and nadir concentrations of FSH in the combined pre-and postpeak periods were not affected by diet (P > .10). In ovx heifers, there was a diet × day interaction (P < .001) in respect of the percentage change in plasma FSH concentration from d 0 to 15 (Figure 3) .
There was no diet × day interaction (P > .10) in respect of the plasma concentrations of either estradiol or progesterone throughout the experiment. However, the concentration of both hormones did vary with the day of the estrous cycle (P < .0001). Changes in plasma estradiol concentration are shown in Figure 4 , and progesterone concentrations increased linearly from d 0 to 10 of the estrous cycle (P 4 = −.496 + .885 day; R 2 = .67; P < .0001).
In intact heifers, a diet × day interaction was observed with respect to the percentage change in IGF-I following diet allocation (P < .001; Figure 5a ). Concentrations of IGF-I increased in the first 4 to 6 d following diet allocation and decreased thereafter. After 14 d of dietary treatment, concentrations of IGF-I were lower in heifers fed .4M than in those fed 1.2M (P < .01). In heifers fed 2.0M the concentration of IGF-I was not different from that in heifers fed either .4 or 1.2M (P > .10). In ovx heifers, there was evidence of an interaction between diet and day (P = .17) with respect to plasma concentration of IGF-I. Heifers fed .4 and 2.0M had decreasing concentrations of IGF-I over time, and heifers fed 1.2M had relatively stable IGF-I concentrations (Figure 5b ).
There was no diet × sample time × day interaction (P > .10), but there was both a diet × day (P < .01) and a diet × sample time interaction (P < .0001) with respect to the plasma concentration of insulin ( Figure 6 ). Concentrations were greater in postfeeding samples than in prefeeding samples (P ≤ .05) in heifers fed each of the three diets, but the magnitude of the difference increased with the level of feeding (P < .05). There was no diet × day interaction with respect to the concentration of insulin in the prefeeding samples (P > .10), but there was in the postfeeding samples (P < .05). (a) an intact heifer (#5344, fed a diet of 2.0M) at emergence, selection, and dominance phases of development of the first follicle wave of the estrous cycle, and (b) an ovx heifer (#5459, fed a diet of 1.2M) blood-sampled at similar times relative to the day of diet allocation. Blood sampling was conducted at 10-min intervals for a 10-h period. Table 4 . The effect of phase of the first follicular wave after ovulation following withdrawal of the controlled internal drug releasing device on mean progesterone concentration and on LH characteristics at emergence, selection, and dominance phases of the wave when sampling was performed on days 2.7 ± .8, 5.2 ± 1.3, and 8.5 ± 1.6 of the estrous cycle or 6.2 ± .3, 8.7 ± .3, and 12.0 ± .3 d after diet allocation, respectively. Data were pooled across nutritional treatments supplying .4, 1.2, and 2.0 × maintenance because there was no diet × phase interaction (P > .10) and no effect of diet (P > .10) Following dietary allocation, a diet × day × sample time interaction was observed for serum concentrations of NEFA (P < .01; Figure 6 ). The concentrations of NEFA in samples taken before feeding were greater than those taken after feeding (P < .05). In both preand postfeeding samples, there was a diet × day interaction (P < .01), such that the concentration of NEFA in serum decreased in proportion to the level of energy feeding. Table 5 . The effect of diets supplying energy at .4, 1.2, or 2.0 × maintenance (M) to ovariectomized heifers on LH characteristics when sampling was performed 6.0 ± 1.0, 8.5 ± 1.1, and 11.7 ± 1.3 d after diet allocation (mean ± SD). Data were pooled across sampling days, because there was no diet × day interaction (P > .10) and no effect of day (P > .10) Within a row, columns with different superscripts are different (P < .001).
Figure 3. Percentage change in plasma FSH concentration of ovariectomized heifers when randomly reallocated to diets supplying .4, 1.2, or 2.0M from d 0, after previously being fed a diet of 1.2M. The overall diet × day interaction (P < .001) and effects of diet (P < .05) were significant. In heifers fed .4M, percentage change in FSH concentration was greater than in heifers fed 1.2 or 2.0M and increased linearly with time (percentage change in FSH = 2.91 + 1.55 day; R 2 = .18, P < .0001). There was no diet × day interaction (P > .10) on percentage change in heifers fed 1.2 or 2.0M where the effects of diet were similar (P > .10), but concentrations decreased over time in heifers fed both diets (percentage change in FSH = −2.99 − .87 day; R 2 = .04, P < .01). . There were no diet × day interactions (P > .10), but day of the estrous cycle was significant (P < .0001).
Discussion
The main finding of this study is that acute nutritional restriction of cyclic heifers from 1.2 to .4M, beginning 1 d before the end of a progesterone synchronization regimen, caused a decrease in the growth rate and maximum diameter of the DF in the first wave of the subsequent estrous cycle. This occurred without any related dietary effects on any of the LH characteristics measured. Previous studies have shown that LH pulses occur as a consequence of, and in temporal synchrony with, pulses of GnRH from the hypothalamus in cattle, with the magnitude of an LH surge being proportional to the magnitude of the GnRH surge that induced it (Gazal et al., 1998) . In the present study, the lack of a dietary effect on LH pulse frequency suggests that GnRH pulse frequency was unaffected. Plasma concentrations of estradiol were also unaffected by diet. This is consistent with the lack of a dietary effect on LH, the key hormone involved in thecal androgen production, which ultimately regulates estradiol production in the follicle (Hansel and Convey, 1983) . Dietary restriction was associated with an increase in the magnitude of the FSH increase preceding new follicle wave emergence, but it is unlikely that such an increase would have affected the subsequent growth rate of the DF during a period of low systemic FSH. Therefore, the effects of acute nutritional restriction from 1.2 to .4M on follicle development are suggestive of local growth factor effects on DF growth, possibly mediated through IGF-I and its binding proteins within the follicle. It is also possible that the effect of acute nutritional restriction on follicular growth may be related to the decline in the systemic concentration of IGF-I that began approximately 4 d after diet allocation. Therefore, the effect of acute nutritional deprivation could be mediated either at the level of the anterior pituitary to affect the concentration of FSH in plasma, or at the local level within the follicle itself. The failure of two heifers fed .4M to ovulate suggests that acute nutritional depriva- Figure 5 . Percentage change in plasma IGF-I concentration of (a) intact and (b) ovariectomized (ovx) heifers, previously fed a diet of 1.2M, when randomly reallocated to diets supplying .4, 1.2, or 2.0M from d 0. For each heifer, plasma concentration on d 0 was the mean concentration of samples taken on d 6, 4, 2, and 0 before diet allocation. In intact heifers, the diet × day interaction was significant (P < .001). In ovx heifers, there was no interaction (P > .10), but the effect of day was significant (P < .001), and the effect of diet tended toward significance (P < .10). Percentage change in the IGF-I concentration of ovx heifers fed .4M and 2.0M varied with time (P < .01), but those fed 1.2M did not (P > .10). The ovx heifers fed .4M had a change in IGF-I concentration from d 0 as described by this equation: % change = .45 − 1.12 day; R 2 = .16; P < .01), and heifers fed 2.0M had a change in concentration as described by this equation: % change = 1.24 − 2.62 day + .11 day 2 ; R 2 = .42; P < .0001). Figure 6 . Changes in plasma insulin and NEFA concentration prefeeding and postfeeding (morning and afternoon samples, respectively) following reallocation of heifers, previously fed a diet of 1.2M, to diets supplying .4, 1.2, or 2.0M. There were significant diet × day (P < .01) and diet × sample time (P < .0001) interactions in insulin concentrations, and there were significant diet × day × sample time (P < .01), diet × day (P < .001), and diet × sample time (P < .001) interactions for NEFA.
tion might affect ovulation of the preovulatory follicle formed from the DF present at the start of dietary restriction. However, the number of animals involved was too small to be definitive on this point. Clearly, acute nutritional restriction, has a rapid and detrimental effect on follicular development in heifers. Therefore, heifers are sensitive to acute nutritional restriction but, in contrast to other species, the mechanism seems to operate at the ovarian level rather than at the level of the hypothalamopituitary axis as observed in nonhuman primates (Cameron, 1994) , pigs (Foxcroft and Cosgrove, 1994) , and prepubertal lambs (Foster and Olster, 1985; Foster et al., 1989) .
In the present study, we found a rapid effect of acute nutritional restriction on follicle wave dynamics, and this is in contrast to the more gradual effects of chronic nutritional restriction observed by Murphy et al. (1991) , Stagg et al. (1995) , and Rhodes et al. (1995) . In particular, Rhodes et al. (1995) found that chronic nutritional restriction in Bos indicus heifers, culminating in nutritional anestrus, caused a linear decrease in the growth rate and maximum diameter of successive DF as the time of anestrus approached. However, these decreases in follicle growth rate and maximum diameter also occurred independently of LH, because the concentrations of LH in cyclic heifers, even when they had lost 17 to 18% of their body weight, was not affected, even though the maximum diameter of dominant follicles was significantly decreased (Rhodes et al., 1995) . In these studies, the plasma concentration of estradiol and LH were only affected following luteolysis in the last estrous cycle prior to onset of anestrus, when heifers had lost 22 to 23% of their initial body weight (Rhodes et al., 1996; Bossis et al., 1999) . In each of the above studies, in which heifers were fed .6 to .7 of their maintenance energy requirement, effects on follicular development were gradual and resulted in onset of nutritional anestrus after 90 to 170 d. The rapid and significant decrease in growth rate and maximum diameter of the DF observed following just 1 wk of restriction to .4M in the current study suggests that the physiological response to nutritional deprivation may be related to a threshold in extent of nutritional deprivation, below which the effects on follicle development are rapid. The results of our study and those of Murphy et al. (1991) and Stagg et al. (1995) suggest that this threshold lies in the range between .6 and .4M. Therefore, the suppression of follicle growth, which occurred independently of LH, is a consistent response to nutritional deprivation in this and chronic nutritional restriction studies in which the effects were observed over a much greater time.
The endocrine regulation of LH is complex and can vary with the physiological state of the animal. In postpartum beef cows (Stagg et al., 1998) and in nutri-tionally anestrous beef heifers (Rhodes et al., 1996; Bossis et al., 1999) , failure of ovulation is due to decreased LH pulse frequency, which occurs as a result of exquisite sensitivity of anestrous cattle to the negative feedback of estradiol. This feedback sensitivity to estradiol in anestrous cattle is in contrast to normal cyclic animals in which progesterone is the principle negative feedback hormone responsible for controlling the pattern of LH release (Day and Anderson, 1998) . In the present study, there was no effect of diet on either the mean concentration of LH or on LH pulse characteristics in intact heifers, but the decreased LH pulse frequency and an increase in LH pulse amplitude seen over time were most likely due to the increase in concentration of progesterone in the early luteal phase. In contrast to intact heifers, dietary restriction of ovx heifers caused an increase in the amplitude of LH pulses without any effect on LH pulse frequency. This effect on the amplitude of LH pulses observed only in ovx heifers was probably masked by the differential effects of progesterone and estradiol in intact heifers. Similar changes in the amplitude of LH pulses were observed by Imakawa et al. (1987) in nutritionally restricted ovx heifers; they attributed it to a decrease in LH pulse frequency. In the present study, no such decrease in LH pulse frequency was observed. Increases in LH pulse amplitude have also been observed in nutritionally restricted, orchidectomized sheep (Beckett et al., 1997b) , and, in a related study, Beckett et al. (1997a) found that the anterior pituitary content of GnRH receptors and of GnRH receptor mRNA was unaffected by 7 wk of undernutrition. The increase in the amplitude of LH pulses, being proportional to the amplitude of GnRH pulses in cattle (Gazal et al., 1998) , may have arisen as a consequence of an increase in the amplitude of GnRH pulses. Alternatively, it could have been related to an increase in the sensitivity of the anterior pituitary to GnRH stimulation. Further studies are required to determine the precise mechanisms controlling LH pulse amplitude and the physiological role it has under acute nutritional deprivation.
Acute restriction of cattle to a very low plane of energy nutrition (.4M) caused an increase in the magnitude of the FSH increase associated with new wave emergence. Interestingly, the concentration of FSH was also greater in ovx heifers subjected to acute nutritional restriction. In contrast to LH, there is little pituitary storage of FSH (McNeilly et al., 1995) , and once synthesized it is constitutively released (Farnworth, 1995) . This suggests that the increase in concentration of FSH following dietary restriction in ovx heifers and cyclic heifers was due to effects on the anterior pituitary resulting in increased synthesis and release of FSH, perhaps mediated via direct effects on the activin-inhibinfollistatin axis within the gonadotrophs. Alternatively, increased FSH could be due to increased amplitude GnRH pulses, which could also be causing the increase in LH pulse amplitude. In intact heifers, nadir concentrations of FSH were unaffected by diet, suggesting that the DF of restricted heifers was equally as effective in suppressing the concentration of FSH as DF from heifers fed either 1.2 or 2.0M. Rhodes et al. (1996) and Bossis et al. (1997) also noted greater FSH concentrations following luteolysis in the final estrous cycle before the onset of nutritional anestrus. Beckett et al. (1997a) found an increase in the anterior pituitary content of both FSH and FSHβ mRNA following 7 wk of restriction in orchidectomized rams and attributed this either to a persistent stimulation of adrenal function during nutritive stress or to nutritionally dependent changes in activity of the GnRH pulse generator.
The feeding of different amounts of the same diet to provide a broad range of nutritional supply had been anticipated to cause changes in plasma insulin and NEFA concentrations (Harrison and Randel, 1986; McCann and Hansel, 1986) . However, there were also significant diet × day × sample time interactions with respect to these characteristics, so that neither insulin nor NEFA was a useful indicator of metabolic status due to a greater variation in concentration between preand postfeeding samples than between samples from heifers fed different diets. Declining concentrations of IGF-I were a more useful indicator of low nutritional status than insulin, but the effects of diet on the concentration of IGF-I were confounded by complex interactions involving both ovarian status and day from diet allocation, seriously limiting its effectiveness as a good indicator of acute nutritional deficiency in cattle. After 14 d of feeding at either .4 or 2.0M, plasma concentrations of IGF-I in ovx heifers were almost 20% lower than in heifers maintained at 1.2M. There have been few comparative studies conducted with cattle to examine the effects of both increasing and decreasing nutritional supply, but the results of the current study are consistent with the observations of Enright et al. (1994) of lower plasma concentrations of IGF-I in heifers fed either 1.8 or .7% of body weight as dry matter (DM) per day (equivalent to approximately 1.6 and .6M in the present study) for 10 wk than in heifers fed 1.1% of body weight as DM per day (equivalent to 1.0M). Enright et al. (1994) attributed this to a dichotomy of response between GH and IGF-I in the way heifers respond to dietary treatment and(or) ovariectomy. More recently, Juengel et al. (1997) have suggested that responsiveness of the corpus luteum to growth hormone, and luteal synthesis of IGF-I, are likely regulators of luteal development and function in ruminants. This may have implications for steroidogenic capacity of the corpus luteum. Although the liver is the main source of IGF-I in the blood, IGF-I is also synthesized in the ovaries by the thecal and granulosa cells (Spicer and Echternkemp, 1995) , and also by luteal cells (Juengel et al., 1997) as part of an intraovarian autocrine and paracrine system. In the current study, an increase in the plasma concentrations in IGF-I in the first 4 d of nutritional treatment in the intact heifers, irrespective of diet, was possibly due to stimulation of hepatic IGF-I production due to increasing preovulatory estradiol concentrations in the follicular phase, as suggested by Spicer et al. (1992) . From d 4 of the experiment onward, the decline in plasma concentration of IGF-I was greatest in heifers fed .4M. A decrease in systemic concentrations of IGF-I following both chronic and acute nutritional restriction has also been found in other studies, in which intraovarian IGF-I concentrations were unaffected (Spicer et al., , 1992 Vandehaar et al., 1995) . The role of LH in relation to steroid production remains unclear, but it seems that, in ruminants, LH promotes both androgen synthesis in the thecal cells (Hansel and Convey, 1983) and progesterone secretion from the small theca-derived luteal cells (Farin et al., 1989; Hansel et al., 1991) . Because LH was unaffected by diet in the present study, it is not surprising that systemic concentrations of estradiol and progesterone were also unaffected. Systemic concentrations of progesterone in sheep (Williams and Cumming, 1982; Parr et al., 1987) and in pigs (Dyck et al., 1980; Prime and Symonds, 1993) are inversely related to level of nutrition. This has been attributed to increased hepatic clearance of progesterone in animals fed higher diets due to an increase in the rate of blood flow through the liver (Parr et al., 1993; Prime and Symonds, 1993) . No effects of diet on plasma progesterone concentration were apparent in the present study, and this is consistent with recent results in cattle (Dunne et al., 1999) .
In summary (Table 7) , acute nutritional restriction in heifers acts at both a local level within the ovaries, to cause a decrease in DF growth rate, and at the level of the hypothalamopituitary axis, to cause increased FSH secretion and greater amplitude LH pulses. In intact heifers, diet had no effect on LH, suggesting that they are less sensitive to acute nutritional restriction than ovx heifers, probably due to the influence of ovarian steroids. In contrast to nonhuman primates (Cameron, 1994) , pigs (Foxcroft and Cosgrove, 1994) , and prepubertal lambs (Foster and Olster, 1985; Foster et al., 1989) and after an adjustment period to account for the buffering effects of the rumen, an increase, rather than a decrease, occurred in the plasma concentration of gonadotropins. Follicular growth is suppressed by what seems to be local factors within the ovary, possibly stimulated by a decline in systemic IGF-I concentrations. Therefore, further studies are required to determine whether severe and acute nutritional restriction affects steroidogenesis and final maturation of the DF via a suppression in estradiol, preventing the increase in LH pulsatility necessary to induce ovulation, as has been observed following long-term nutritional restriction of heifers.
Implications
Yearling heifers are sensitive to acute decreases in nutrition. Nutritional deprivation seems to affect ovarian follicular growth via a luteinizing hormone-independent mechanism, probably involving intraovarian growth factors, when the level of nutrition falls below a critical threshold (probably between .6 and .4 × maintenance). This may have important implications for the feeding strategies adapted for high-yielding dairy cows in the early postpartum period when feed intake is often physiologically restricted. The methods used in our study created a useful and repeatable model to study nutritional effects on reproduction.
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